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Molecular study of three cases of
odontohypophosphatasia resulting from heterozygosity
for mutations in the tissue non-specific alkaline

phosphatase gene

M Herasse, M Spentchian, A Taillandier, K Keppler-Noreuil, A N M Fliorito,
J Bergoffen, R Wallerstein, C Muti, B Simon-Bouy, E Mornet

by defective bone and tooth mineralisation and defi-

ciency of serum and bone alkaline phosphatase activity.
The bone symptoms are highly variable in their clinical expres-
sion and range from stillbirths without mineralised bone to
pathological fractures developing only late in adulthood.'
Odontohypophosphatasia is characterised by premature exfo-
liation of fully rooted primary teeth and/or severe dental caries,
often not associated with abnormalities of the skeletal
system.”’ The anterior deciduous teeth are more likely to be
affected and the most frequently lost are the incisors.* Dental x
rays show reduced alveolar bone and enlarged pulp chambers
and root canals.”* Although the only clinical feature is dental
disease, biochemical findings are generally indistinguishable
from those in patients with mild forms of hypophosphatasia
(adult and childhood). While perinatal hypophosphatasia and
infantile hypophosphatasia are transmitted as an autosomal
recessive trait, both autosomal recessive and autosomal domi-
nant transmission may be found in childhood, adult, and
odontohypophosphatasia.’ > The distinction between recessive
and dominant transmission may be difficult to determine con-
clusively by using familial analysis because expression of the
disease is very variable, with parents of even severely affected
children showing no or extremely mild symptoms of the
disease.” "

The tissue non-specific alkaline phosphatase (TNSALP) is a
phosphomonoesterase anchored at its carboxyl terminus to
the plasma membrane by a phosphatidylinositol-glycan
moiety." The enzyme cleaves extracellular substrates
pyridoxal-5'-phosphate (PLP), phosphoethanolamine (PEA),
and inorganic pyrophosphates (PPi). Its exact function in
bone and dental mineralisation is still unclear but probably
involves hydrolysis of Ppi"” and perhaps mammalian specific
activities such as collagen and calcium binding."”

The TNSALP gene is localised on chromosome 1p36.1' and
consists of 12 exons distributed over 50 kb.” More than 127
distinct mutations have been described in the TNSALP
gene,'” in a relatively small number of North American,
Japanese, and European patients,” indicating a very strong
allelic heterogeneity in the disease. Most of them (82%) were
missense mutations. This variety of mutations results in vari-
able clinical expression even among the severe or moderate
types. We report here the study of TNSALP gene mutations in

| |ypophosphatasia is an inherited disorder characterised
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Key points

¢ Hypophosphatasia is an inherited disorder character-
ised by defective bone mineralisation and deficiency of
tissue non-specific alkaline phosphatase (TNSALP) activ-
ity. We report here the molecular study of three cases of
odontohypophosphatasia where the disease was the
result of heterozygosity for TNSALP gene mutations.

¢ Three mutations were found, 323C>T (P91L), 346G>A
(A99T), and 1240C>A (L397M). The mutation PP 1L has
not been previously described and site directed
mutagenesis experiments showed that it corresponded
to a severe allele.

* In one family, the proband’s mother carried the mutation
P91L and was affected. In the two other families, domi-
nant transmission was more difficult to determine, owing
to variable expression of the disease in carriers, ranging
from hypophosphatasaemia only to periodontal disease
associated with multiple fractures.

e We show here that the convergence of clinical,
biochemical, and molecular results may help to affirm
the dominant effect of TNSALP mutations. Analysis of a
3D model of TNSALP indicated that residues affected by
these mutations were located near the active site or in
the mammalian specific crown domain, corroborating
the functional effect of these mutations. This is consistent
with the dominant effect of these mutations and the
allosteric properties of the enzyme.

three patients affected by odontohypophosphatasia and
provide evidence that heterozygosity may produce clinical
signs and symptoms that appear to be very variable in expres-
sion.

MATERIAL AND METHODS

Patients

Patient 1

The proband was a 9 year old boy affected by Down syndrome
and odontohypophosphatasia. Loss of seven deciduous teeth,
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Pedigree data and mutation analysis results in the three families with odontohypophosphatasia. The arrow indicates the proband.

N = normal allele as determined by the absence of any detectable mutation.

mostly incisors, began at the age of 2 years. Serum alkaline
phosphatase was low (80 U/l, normal range >100). X rays
showed normal growth plate development and normal long
bones without evidence of fractures or rickets. The 39 year old
mother of the proband had lost her permanent teeth. Her
serum alkaline phosphatase level was low (18 U/l, normal
range 30-120). The father did not show any symptoms and
had a normal level of serum alkaline phosphatase (93 U/,
normal range 30-120).

Patient 2

The proband was a 2 year old male who has lost three teeth
and was referred to the genetics department by his dentist.
Serum alkaline phosphatase was low (64 U/l, normal range
100-320) and urinary phosphoethanolamine was high (583
pmol/g creatinine, normal range <350). The parents deny any
problem with multiple fractures, bowing of legs, or loss of
teeth but the 38 year old mother reported being affected by an
unusual number of dental cavities and having had numerous
treatments of dental root canals. Her serum ALP was low (29
U/l, normal range 47-137) while serum ALP of the proband’s
father was normal (66 U/l,47-137). A second child was born in
July 2002. At nearly 7 months of age, this baby boy has not
shown any symptoms of hypophosphatasia to bring him to
clinical attention.

Patient 3

The proband was a 2 year old boy diagnosed with hypophos-
phatasaemia. Serum alkaline phosphatase was repeatedly low
(84 and 86 U/, normal range 104-345) and urinary
phosphoethanolamine was high (935 pmol/g creatinine,
normal range 108-533). He had very slight leg bowing and was
just below the 5th centile for height. The mother had a low
ALP level (32 U/l, normal range 30-107) and high PEA (138
pmol/g creatinine, normal range 20-100). The father showed
normal ALP and PEA levels. The proband’s 5 year old maternal
second cousin was diagnosed with hypophosphatasia because
of early loss of primary teeth and low serum ALP (92 U/l, nor-
mal range 108-317). Her skeletal survey and growth/stature
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were normal for age. Her father had early loss of teeth, multi-
ple caries, and had had four fractures. Another second cousin
could not be tested but was reported to have lost her primary
teeth at the age of 2.

METHODS

Primer sequences of the 12 ALPL gene exons have been previ-
ously reported” and allowed analysis of the whole coding
sequence, including intron-exon borders and untranslated
exons. PCR reactions were performed and analysed as
previously described.” Site directed mutagenesis of the muta-
tion P91L was performed with the Quikchange Site Directed
Mutagenesis kit (Stratagene). Mutated and wild type plas-
mids were transiently transfected in COS-1 cells using the
Lipofectamine PLUS reagent (Life Technologies) according to
a methodology described previously.” * The mutations were
put into a 3D model of the TNSALP molecule” by using the
molecular visualisation program RasMol (R. Sayle, Glaxo
Research and Development, Greenford).

RESULTS

Pedigree data and mutation analysis results are shown in fig 1.
In family 1, the proband’s mother was affected by early loss of
teeth, suggesting that the disease could not be put down to the
proband’s Down syndrome condition only” and that the
disease was dominantly inherited.

Sequencing of the ALPL gene showed that the patient and
her affected mother carried a 323C>T nucleotide substitution
resulting in the missense mutation P91L (fig 2). The presence
of this mutation in the affected parent and the absence of any
other detectable mutation in the patient is consistent with
dominant inheritance. The P91L mutation has not previously
been reported in hypophosphatasia patients. We therefore
introduced it into the expression plasmid pcDNA-3 by site
directed mutagenesis and transfected COS-1 cells with the
mutant plasmid. We found that the mutation exhibited 0.4%
of wild type activity, that is, no or very low residual enzymatic
activity, suggesting that this mutation is not a polymorphism
and corresponds to a severe allele.” In family 2, we found in
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Figure 2 DNA sequencing electropherogram of the proband in
family 1 showing the newly identified mutation P9 1L. The arrow
indicates the position of the nucleotide substitution CCT (proline) >
CTT (leucine).

Figure 3 Llocation of the residues affected by the mutations P9 1L,
A99T, and L397M in the 3D model. The active site is shown in
yellow. The crown domain is shown in orange.

the proband the heterozygous nucleotide substitution
346G > A resulting in the missense mutation A99T. The mother
reported being affected by dental problems. She showed a low
level of serum ALP and carried the mutation A99T, while the
father exhibited normal serum ALP and no ALPL gene muta-
tion. The second child, born in July 2002, was prenatally found
to be heterozygous for the A99T mutation. Although the
mother did not exhibit the typical signs of odontohypophos-
phatasia (loss of teeth), these results suggest that in this fam-
ily, heterozygosity for A99T resulted in clinical symptoms but
that the disease was minimally expressed in the mother. The
mutation A99T was previously described in a large family with
dominant odontohypophosphatasia® and site directed muta-
genesis and transfections of COS cells previously showed that
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A99T does not allow any significant in vitro residual activity
and shows a negative dominant effect.” In family 3, the
proband did not show any symptoms of hypophosphatasia
and was referred to the genetics department because of hypo-
phosphatasaemia. We found the heterozygous substitution
1240C>A resulting in the missense mutation L397M of
maternal origin. Interestingly, the proband’s second cousin
and this cousin’s father were affected by odontohypophos-
phatasia and carried the L397M mutation found in the
proband. Exhaustive sequencing of the ALPL gene of the
affected cousin did not show evidence of any other mutation.
This suggests that in this family, heterozygotes for L397M may
be affected by the disease and that its expression was subject
to intrafamilial heterogeneity. The L397M mutation was
previously reported by Mumm et al,” associated with the
D277A mutation, in a patient affected by perinatal hypophos-
phatasia. This suggests that, like P91L and A99T, L397M is a
severe allele. We finally concluded that the disease in these
three families resulted from heterozygosity for a severe hypo-
phosphatasia allele.

Localisation of the mutated residues in the 3D model of
TNSALP based on the placental ALP structure” showed that
L397M is located in the crown domain, a mammalian specific
region observed for the first time in the placental alkaline
phosphatase structure and containing a collagen binding
loop"” (fig 3). Alanine 99 is located in an alpha helix running
from the active site to the surface of the molecule near the
homodimer interface and supporting D92, S93, and A94, three
residues of the active site involved in phosphate binding. By
disturbing this helix, mutation A99T could therefore affect the
active site. Proline 91 is in contact with the active site and
there is no doubt that the change of this residue for leucine
has an important effect on the catabolic activity. Thus, the
study of the 3D model suggests that these mutations alter the
function of the enzyme rather than have a structural effect
resulting in the degradation of the molecule. This is consistent
with the dominant effect of these mutations and the allosteric
properties of the enzyme.*

DISCUSSION

Considerable variation occurs in the clinical expression of
severe forms of hypophosphatasia, owing to the considerable
allelic heterogeneity of the ALP gene.” Moderate forms of
hypophosphatasia, especially odontohypophosphatasia, are
not as well documented. Compared to bone forms of
hypophosphatasia, only a few mutations responsible for
odontohypophosphatasia have been published®* *”*" (this
study), but they suggest that similar variation exists in these
forms, at both the clinical and genetic levels. In family 2, the
patient was found to be heterozygous for the A99T mutation,
a mutation also found in a large family with dominant
hypophosphatasia.® The probands from the previously re-
ported family were a 6 year old girl and her fraternal twin
brother, both affected with premature loss of anterior teeth at
the age of 3.5, and abnormal urinary PEA and serum PLP
values. In addition to premature loss of teeth, the probands
were affected by very slight bone symptoms, such as thin cor-
tical bone of the cranium and multiple radiolucent spots in the
cranial bones, but no additional skeletal abnormalities. In this
article, the authors point out the intrafamilial clinical hetero-
geneity of the disease in carriers of A99T since the clinical
signs were evident in eight carriers of the mutation and absent
in subjects without the mutation and in five carriers. This
intrafamilial heterogeneity was also observed in family 3
where the carriers of L397M showed variable expression of the
disease, ranging from only hypophosphatasaemia to perio-
dontal disease associated with multiple fractures. However,
the absence of clinical symptoms in the proband could be
because of his still young age (2 years), although another sec-
ond cousin was reported to have lost her primary teeth at the
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age of 2 (fig 1). Finally, this report confirms that moderate
forms of hypophosphatasia are also highly variable in their
clinical expression, owing to allelic heterogeneity but also to
other factors that remain to be determined, such as other
sequence variations in the ALPL gene, a frans effect of other
genes, or environmental factors.

Dominant transmission of moderate forms of hypophos-
phatasia has been documented in a few families.” > We report
here the case of one additional family with dominant odonto-
hypophosphatasia (family 1) and two others in which hetero-
zygotes for a TNSALP gene mutation show clinical symptoms,
however variable in expression. In our experience, we failed to
detect a second mutated allele in 18% of our hypophosphata-
sia patients, 70% of them being affected by moderate
(childhood, adult, or odonto-) hypophosphatasia (E Mornet,
unpublished data). In some of these patients, mutations of the
ALPL gene may have not been detected because of their loca-
tion in intronic or regulatory sequences, or because they
correspond to large deletions undetectable by the method-
ology routinely used here. In others, however, the disease may
be the result of heterozygosity and no other mutation needed
to be sought. Analysis of the transmission of the odontohypo-
phosphatasia phenotype, together with serum ALP level and
presence or absence of the mutation, may help to distinguish
between the two situations.

The mechanism of dominance remains unclear but prob-
ably involves interactions between monomers of the dimeric
structure that disturb the allosteric properties of TNSALP. We
and others have previously reported that some ALPL gene
mutations result in a dominant negative effect owing to com-
plete or partial inhibition of the normal monomer by the
mutated monomer in the dimeric molecule.”” Here, we show
that residues mutated in these families are localised in the
vicinity of functional regions such as the active site and the
crown domain, suggesting that they may have a functional
role. This is consistent with the expected localisation of muta-
tions resulting in an inhibitory effect.
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impaired hearing, and sinorespiratory infections
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eration that affects about 1 in 4000 of the population.'
Approximately 15-30% of patients with RP have X linked
retinitis pigmentosa (XLRP), which is the most severe form of
RP consistently manifesting early in life.” > Night blindness is
usually present in early childhood with loss of peripheral
visual fields and ultimately central vision, resulting in
registered blindness by the end of the third decade. Female
carriers display a broad spectrum of fundus appearances
ranging from normal to extensive retinal degeneration.**
XLRP is genetically heterogeneous with two major loci, RP2
(Xpl1.23) and RP3 (Xp2l.1). Both disease genes have now
been identified (respectively RP2” and RPGR*') with RP2
mutations causing disease in approximately 15% of XLRP
families," > while RPGR mutations are reportedly more
common, accounting for up to 75% of XLRP." Two other rare
loci for XLRP have also been described on Xp22 and
Xq26-27." 1
Hong et al” described the phenotype and pathology of an
RPGR knockout mouse model. They showed the subcellular
localisation of RPGR to the photoreceptor connecting cilia, and
in the absence of RPGR partial mislocalisation of essential
outer segment proteins. These data suggest a putative role for
RPGR in the retina, controlling movement of essential
proteins from the inner to the outer segment of photorecep-
tors via the connecting cilia. Several groups have recently
identified a retina specific RPGR interacting protein
(RPGRIP1).""* This protein also localises to the photoreceptor
connecting cilium and is thought to be a structural component
of the ciliary axoneme."” Subsequent mutation screening in
patients suffering from retinal diseases has identified muta-
tions in RPGRIPI as a cause of Leber congenital amaurosis.” *°
In this report, we present the phenotype of a family suffer-
ing from XLRP associated with hearing loss, sinusitis, and
chronic recurrent respiratory tract infections. To identify the
causative gene on the X chromosome, we performed haplotype
analysis with subsequent mutation screening of candidate
genes. The new phenotype described is associated with a

Retinitis pigmentosa (RP) is a progressive retinal degen-
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* We report a novel systemic phenotype associated with
XLRP, with patients suffering from hearing loss, sinusitis,
and chronic chest infections, suggesting a mutation in a
gene involved in ciliary function.

e The phenotype overlaps those described for primary
ciliary dyskinesia and Usher syndrome.

¢ Genetic analysis of this family has identified a frameshift
mutation in exon 8 of the RPGR gene.

e A gene in close proximity to RPGR, TCTELI, was also
examined for cSNPs as a potential phenotypic modifier
locus; none was detected.

¢ Our findings show that mutations in the RPGR gene are
associated with a complex phenotype broadening the
clinical spectrum of disease, and provide supporting
evidence for an essential ciliary function for RPGR in the
retina and other tissues.

e RPGR and inferacting partners involved in kinociliary
function in a variety of tissues may therefore represent
attractive candidate genes for other diseases, such as
primary ciliary dyskinesia or hearing loss.

mutation in the RPGR gene, and highlights the significance of
RPGR protein kinociliary function in non-ocular tissue.

PATIENTS AND METHODS

Patients and controls

Appropriate informed consent was obtained from the family
and control volunteers under investigation. An X linked form
of retinitis pigmentosa was established by pedigree analysis,
clinical examination, and ophthalmological tests. Blood sam-
ples were collected from each available member of the family
and from controls and DNA extracted using the Nucleon II Kit
(Scotlab Limited) according to the manufacturer’s instruc-
tions. Clinical characterisation included ophthalmic and
systemic history, visual field testing, and fundus examination.
In addition fundus photography was performed. Three
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